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Abstract 
The paper investigates kinematic and power parameters of the tracked vehicle movement trajectory at transition processes of 
changing the direction and slipping of the caterpillar track. The main parameter that determines the space position of a tracked 
vehicle is the position of the longitudinal axis, and the deviation vector angle of the absolute travelling speed. These parameters 
are determined to a high precision applying modern software and hardware. The results can be used for improving the systems of 
the remote automatic control of the vehicle movement, as well as in case of the driver’s participation under the condition of 
implementing vehicle potential high speed characteristics and providing for the limited corridor negotiating. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICIE 2016. 
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Nomenclature 
m vehicle mass 
V   the travelling speed 
Mr resistance moment of the external forces 
Mturn turning moment 
ș s the lateral angle  
ȝ   cornering resistance coefficient 
 Ȥ longitudinal displacement of the vehicle rotation pole   
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ȝmax  maximum value of the cornering resistance coefficient 
k curvature of trajectory  
1. Introduction 
When driving a tracked vehicle along the test routes, along the roads with a limited width, the speed limit is 
determined by the accuracy of the trajectory and the conditions of negotiating the change of direction. The most 
difficult thing is to ensure the accuracy of the trajectory when driving along the roads with low traction properties. It 
is particularly important for remote or numerical control of transport vehicles motion, including application of 
modern navigation equipment. The methods for calculating power and kinematic parameters are specified and 
described in the fundamental works of VA BTV (The Malinovsky Military Armored Forces Academy), VNIITM 
(All-Russian Research Institute of Transport Engineering), N.E. Bauman MSTU (The Bauman Moscow State 
Technical University), many overseas [1, 2] and domestic experts [3-5]. Nevertheless, their determination with the 
required accuracy in the process of negotiating the change of direction causes difficulties due to insufficient 
formalization of skidding and slipping processes of the continuous track, when these parameters are quite different 
from the calculated (defined according to mathematical models). The position of the tracked vehicle on the plane of 
the bearing surface, the trajectory curvature and the angular speed at skidding and slipping of the continuous track is 
usually determined according to the value of the longitudinal Ȥ displacement of the vehicle rotation pole: 
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where V  is a travelling speed; L, B are, respectively,  a track length on the bearing surface and track gage; k is 
trajectory curvature, the indices acȦ  and tȦ  are actual and theoretical angular speeds of the vehicle, and ȝ  is a 
cornering resistance coefficient. Due to insufficiency of experimental data on this coefficient value, the maximum 
value of the cornering resistance coefficient is taken in calculations.  
At transient  vehicle changing of the direction it is calculated according to the formula [7]: 
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In this formula, n  a and  ta  are normal and tangential accelerations of the vehicle body, the values of which while 
measuring them with inertial sensors are very noisy, which significantly limits the accuracy to determine kinematic 
and power parameters characterizing vehicle change of the direction. 
The moment of cornering resistance is determined by the forces of external resistance, which, normally, are 
formed by the interaction of the tracks with the ground and the vehicle inertia, and depends on soil properties, 
trajectory curvature and a travelling speed. The moment of cornering resistance, to a large extent, determines the 
vehicle response and road-holding. In this regard, the methods of calculation are being developed widely, based on 
the mathematical description of interaction between the caterpillars bearing surfaces with the ground, with 
application of the mathematical theory of elasticity, which is valid for every linearly deformable body [7]. To 
determine the lateral forces on the areas of instantaneous track contact with the ground, it is necessary to solve a 
system of integral equations, which on the oversimplified assumptions and when ignoring many factors that affect 
the distribution of the load, lead to singular equations. After determination of the final dependence between the load 
in contact with the magnitude of the shear and contact stresses (strains), equations singularity is limited, they are 
reduced to linear equations of  Fredholm of the first kind.  
Such equations are ill-posed problems, since small perturbations of the parameters may cause significant changes 
in strain distribution. In particular cases, the solution may be calculated by the control method at known vertical 
forces. When driving the vehicle at high speed along the concrete road, the stress diagram of the vertical forces, to a 
large extent, is formed by vibration load of the lower rollers, which is connected with the idea of the track consisting 
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of a continuous band of treads. By many experiments [8-9], it is defined that vertical accelerations of lower rollers 
are increased with speed increase. The complexity and instability of the lateral forces formation makes 
establishment of analytical relationships improbable. In this regard, a cornering resistance moment is determined on 
the experimental data basis [10, 11]. When driving along deformable surface, resistance moment of the external 
forces is determined according to the formula  
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Determination of the cornering resistance coefficient dependence on the motion trajectory curvature on 
deformable surface ȝ (k) is not unique. In the theory of tracked vehicles motion, the S.A. Nikitin dependence is 
normally used. Currently, a number of other cornering resistance coefficient dependences on the motion trajectory 
curvature  is noted. 
Numerous experimental data obtained on stamps, on physical models, on travel tests, indicate a wide range of the 
moment and cornering resistance coefficient dependences on the motion trajectory curvature [12, 13]. The analysis 
has showed that different dependencies, including specified by foreign experts, are described identically in a 
qualitative way, with application of the exponential law. In these curves, the motion trajectory curvature is 
calculated. The actual skidding and track slipping trajectory curvature differs significantly from the calculated value. 
However, no accurate methods for its determination have existed so far. 
When driving along a deformable surface, the moment of cornering resistance is formed differently. In A.A. 
Blagonravov’s studies devoted to the rotational dynamics, it is the first time when the tracked vehicle is represented 
as multisupport, as for the cornering resistance moment, it is generated by lower rollers cornering lateral forces, like 
by automobile tires. Later, such an approach was developed in the works of B. I. Krasnenkov [14] et al. Under this 
approach, the trajectory curvature is determined by measuring the lateral sliding parameters from the value of lower 
rollers sliding angles. To do this, A.A. Blagonravov performed experimental studies to define sliding angles 
according to the value of the measuring devices rotation ("the Fifth Wheel"), installed in the fore and rear parts of 
the tracked vehicle. When turning steadily, the rotation moment is equal to the resistance moment. When driving at 
low speed when the centrifugal force can be neglected, the cornering resistance moment, generated by lateral sliding 
forces, is proportional to the trajectory curvature. With travel speed increase, the moment is formed by friction 
forces and insignificantly depends on the curvature. At increasing the trajectory curvature, the tracks under the 
outmost lower rollers start to slide. In this regard, the resistance moment dependence on the curvature is a straight 
envelope line and is approximated with sufficient accuracy by an exponential curve. It appears from these data, if to 
drive along the deformable and slightly deformable surfaces, the dependence of the moment and cornering 
resistance coefficient on the trajectory curvature is exponential and is determined by the equation: 
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where 0k  is  curvature, at which the lower rollers lateral sliding forces amounts to a friction force; ȝ_max is  a 
maximum value of the cornering resistance coefficient for this type of soil. [6] However, due to the measuring 
device "fifth wheel" shimmy, its complexity and unreliability, as well as impossibility of its application on the rough 
terrain, the accuracy of the results and applicability of this method is limited.  
At the same time, the implementation of this method makes it possible to objectively evaluate the actual 
parameters of the vehicle motion trajectory. Application of modern high-precision measuring systems based on the 
GLONASS-GPS technology allows for determining the required turning kinematic parameters more accurately, 
without prior assumptions directly for the outmost tracked vehicle lower rollers sliding. 
The research objective consists in determining experimentally the kinematic and power parameters when driving 
the vehicle along the roads with intense changes in the trajectory curvature. 
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The scientific novelty of the research is to study regularities of formation of kinematic and power parameters, 
which characterize curvilinear motion at track slipping based on implementing the hypothesis about the lower rollers 
sliding on all types of soil. 
2. The object of the experimental research. 
The object of the experimental research is the transport vehicle TM-140 weighing 12,000 kg, equipped with the 
engine YaMZ-236H with the capacity of 169 kW at 2100 revs / min, six-speed hydromechanical transmission 
"Syntez" and planetary steering mechanism. The track assembly consists of six lower rollers, the track with rubber-
metallic hinge and track wideners that provide specific ground pressure of 0.22 kg / cm2. The length of the bearing 
surface makes L = 4 m, and the track gage B = 2,2 m. In the experimental  research, a complex data-aware and 
measuring equipment RaceLogic 3i, which allows  for measuring kinematic parameters: travel speed, course angle, 
an angular speed, lateral accelerations in the fore and rear parts of the body, as well as sliding angles of the outmost 
lower rollers. Torque moment and revolutions of drive shafts as well as the engine shaft are measured by the 
appropriate sensors, which output is connected to the Logger  RaceLogic 3i. In this vehicle, the steering wheel 
kinematically connected through the tension rods  to the steering control levers of the slide valve box of the 
planetary steering mechanism. Therefore, the rod displacement sensor signals uniquely determine the control action 
on adjusting the vehicle travel direction. The diagram of measuring system installation is shown in Fig. 1.  
 
Fig. 1 - Diagram of measuring complex installation at the test site 
The experimental studies were carried out in accordance with the standard evaluation method of tracked vehicles 
rotation qualities. The study was conducted at driving the tracked vehicle over dry sandy soil (
0,5 0,7;  0,12 0,17)max fP  }  } . The ambient temperature was 16 ... 18 Ԩ. Tests were carried out applying S-
turning test-driving with the length of half-wave ǻS = 20m, and the width range Y = 5 m.  
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3. Analysis of the results obtained in the experimental research  
The vehicle motion was carried out at 1 - 6 gears in forward and reverse directions. The highest dynamics was 
reached at the fifth gear (the maximum value of the angular speed totaled to 29Z   degrees/s and the linear one 
made V = 32 km / h). At the sixth gear, the driving force was not sufficient, and cornering occurred with a reduction 
in the angular and linear speeds. The further analysis is dealing with the results obtained while driving at the fifth 
gear. 
It should be noted that, while driving the vehicle, the driver, using his own driving experience, optimized, in a 
certain way, the process of direction control. An optimization  criterion is the trajectory accuracy considering the 
conditions of negotiating the change of direction without reducing the travel speed and the number of switches of 
the steering device. The linear motion, periodic switching of the steering mechanism correspond to these 
requirements in accordance with the experimental data, and the trajectory is a range of bisecants, arcs of circles and 
transition curves. The following parameters were measured to analyze the dynamics of transient curvilinear motion, 
kinematic and power parameters during the controlled movement:  
x linear and angular speed of the vehicle; 
x longitudinal, vertical and lateral accelerations of the mass center of the fore and rear parts of the vehicle body; 
x sliding angles of the outmost lower rollers; 
x torque moments on the drive shafts and their revolution speed; 
x an engine shaft speed; 
x a position of the control levers of the slide valve box of the planetary steering gear and etc. 
Quantitative regularities of changes in the parameters are shown on separate oscillograph recording fragments. 
The trajectory angular speed when driving the vehicle at a speed of 7.5 m/s is determined analytically, 
considering that S-turning test driving on the plane is described by a sine curve 
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and the angular speed is equal to the product of the translational velocity V by curvature k, where 
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This function is harmonic. Theoretical angular velocity (Gr. 2 in Fig. 2) is determined by the difference of drive 
shafts revolution speeds  
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where  ɜɤr  and ɛɪU  are, respectively, the driving wheel radius and the gear ratio of the final  reduction assembly. 
The actual angular speed (Gr. 3 in Fig. 2) is determined experimentally. The comparison of the graphs shows 
that, despite the fact that the maximum value of the theoretical angular velocity corresponds to the trajectory one, 
the actual angular speed is much lower than the theoretical one (which makes 39.7%) due to the track slipping and 
skidding. For this reason, the maximums of these functions are shifted by one second. 
Theoretical curvature is determined according to the ratio of angular speeds of drive shafts revolutions:  
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The values of the actual curvature are calculated according to sliding angles of the outmost lower rollers (the 
sixth and the first), according to the formula 
 6 1tan tan
ack L
T T
 .   (9) 
 
Fig. 2 – Change of the vehicle angular speed: 1 - trajectory angular speed (black); 2 - theoretical angular velocity, calculated according to the 
drive shafts revolutions (blue); 3 - actual angular speed (red); 4 - course angle (purple) 
At this, the sliding angles are accurately defined by software and hardware measuring complex according to the 
deviation vectors of the lower rollers absolute speed about the vehicle longitudinal axis (the line connecting the 
centers of the satellite dishes - Fig.1). The accuracy of this method for determining the trajectory curvature 
considering sliding angles is confirmed by numerous experiments performed on the wheeled and tracked vehicles. 
The comparison of the graphs shows that the nature of the trajectory curvature change (Curve 3 in Fig. 3) 
corresponds to the nature of the actual angular speed change (Curve 3 in Fig. 2). 
 
 
Fig. 3 - Change of trajectory curvature when turning the vehicle: 1 - trajectory curvature (black); 2 - theoretical curve, calculated according to the 
drive shafts revolutions (blue); 3 - actual curvature (red); 4 - course angle (purple) 
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At tracked vehicle changing the direction, travelling at a high speed, the centrifugal force causes the longitudinal 
displacement of the rotation center by the value (Gr. 1 in Fig.6): 
2
Ȥ
2ȝg
V Lk .   (10) 
The reduced equation was obtained at uniform circular motion and an assumption for linearity of the cornering 
resistance coefficient characteristic. Under actual driving conditions, including a variable trajectory curvature, the 
displacement of the rotation center differs substantially from the calculated one (Gr. 2 in Fig. 4). This is due to the 
fact that the lower rollers  rear axles have a sliding angle larger than the front ones (15 ... 16, respectively, and –
(3…4) degrees). The coefficient value ȝ in the abovementioned formula is largely determined by the sliding 
resistance coefficient. The value of this coefficient at the rear lower rollers according to the absolute value is much 
smaller than at the front ones, as their movement is accompanied by lateral sliding. When exceeding the rear lower 
rollers sliding angles about the front ones, the tracked vehicle acquires the properties of oversteering. At this, the 
longitudinal displacement of the rotation pole is greater than 4 meters, i.e. goes beyond the edge of the bearing 
surface. The longitudinal displacement of the rotation pole leads to lateral vehicle motion, defined by the directional  
angle - between the direction of the absolute speed of the center-of-mass motion and the tangent to the required 
trajectory. 
The driver gets adapted to this phenomenon and, while driving, compensates the deviation not of the course but 
of the lateral angle. The value of this angle is determined by the determined and random components.  The value of 
the determined component of the lateral angle ș can be determined according to the system of equations describing 
the lateral vehicle  movement [6]: 
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The first term of the lateral angle is determined by the angular speed  acZ  and depending on the speed coefficient 
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For a tracked vehicle weighing 12 tons, this coefficient with speed increase from 3 to 7.5 m/s will exponentially 
increase from 0.01 to 0.25. The value of the lateral angle  c cKTT  is proportional to an angular speed and increases 
the faster, the more the linear speed value is. The second component, forming a lateral angle, for the tracked vehicle  
is proportional to the lateral acceleration. Critical considering the lateral skidding, the 0,28 rad (degrees) lateral 
acceleration y
dV
g
dt
P , and for the sandy terrain ( 0,55P  ), the second component leads to lateral angle deviation 
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by, i.e.  falls within the limits of mean-square deviation of the course angle of the vehicle, moving at high speed, and 
substantially affect the accuracy of the trajectory. As a result of the calculation, it is established that movement at 
high speed leads to a longitudinal displacement of the rotation pole about the vehicle center-of-mass by the value of 
0.75 ... 0.8 m, and of the outmost rear part point of the body at the value up to 1.5 m. However, the results of 
experimental studies show that the actual displacement of the rotation pole is much higher and exceed 2 m. Thus, 
the actual motion trajectory, while skidding and track slipping, significantly differs from the estimated.  
 
 
Fig. 4 – Coordinate variation of the longitudinal displacement of the vehicle rotation pole: 1 - trajectory value of the rotation pole displacement 
(black); 2 - the experimental value of the rotation pole displacement (blue); 3 - sliding angle of the front lower rollers (green); 4 – sliding angle of 
the rear lower rollers (red); course angle (purple). 
The value of the torque moment is determined by the sensors mounted on the drive shafts connecting the 
transmission to the track gearbox, and the moment of resistance to the change of direction is determined by the 
difference r turn z M M J Ȧ   . The subtrahend determines the value of dynamic torque ( zJ   is the vehicle inertia 
moment about the vertical axis; Z  is an angle acceleration).The turning moment with the vehicle under speed 
conditions was determined from the formula: 
2 1
2turn dɪdw
M MBM u
R
§ ·
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,    (14) 
where 2 1,M M  are measured values of the moments on the drive shafts. 
The oscillograph-recording fragment of moment variation on the coupling shafts is shown in Fig. 5. The 
oscillograph-recording fragment, characterizing the moment variation of resistance to vehicle change of direction, 
reduced to the driving wheel, is shown in Fig. 6. 
The graphs shown in Fig. 5 specify that, considering time, the moments on the coupling shafts go ahead of each 
other by 0.08 ... 0,11s. due to the difference in length and, respectively, 
Due to driving track run mobility of the lagging and leading side. The maximum torque values on the leading 
track go ahead of the maximum values of the angular speed due to the necessity to overcome the inertial resistance 
torque component zJ Z  (acceleration goes ahead of the  angular speed  by a quarter-period). 
A similar displacement is observed from coming out of corners. The oscillogram shows in red the value of the 
dynamic moment component, which  additionally loads the vehicle transmission. At the angular acceleration of 1.5 
... 2.0 rad / s2, the value of dynamic torque makes 42 ... 56 kNm. This value makes 0.4 ... 0.5 from the maximum 
torque resistance, which is formed by interaction of the continuous track with the bearing surface and is, generally, 
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not included in the design calculations of control friction elements of steering mechanisms. When driving the 
vehicle slowing down the angular speed (Ȧ ሶ = 0,2 ... 0,4 rad / s2), the moment of rotation resistance is reduced by 5,4 
... 8,8 kNm. The green area in the figure describes the reduction of transmission dynamic load during deceleration in 
the process of changing the direction. 
 
 
Fig. 5 - Oscillograph-recording fragment of moment variation on the coupling shafts: 1 – the moment on the right coupling shaft (blue); 2 - the 
moment on the left coupling shaft (green); 3 - angular speed of vehicle change of the direction (brown). 
 
Fig. 6 - Oscillograph-recording fragment, characterizing the moment variation of resistance to vehicle change of direction: 1 – Sum of moments 
of resistance to rotation (blue); 2 - the moment of resistance to rotation, formed by interaction of the continuous tracks with the bearing surface 
(excluding the inertial component - pink); 3 - angular acceleration of the vehicle (gray); 4 - angular speed of vehicle change of the direction 
(brown). 
4. Limitations. 
The experimental study was carried out at driving a tracked vehicle with discrete properties of the steering 
control system along dry sandy road. The topical problem for the future is to improve dynamics models of the 
1377 I. Taratorkin et al. /  Procedia Engineering  150 ( 2016 )  1368 – 1377 
tracked vehicles controlled motion, as well as to conduct similar studies for tracked vehicles with continuous 
properties of the steering control system and at driving along the roads with slightly deformable surface. 
5. Conclusion 
As a result of the research the following has been established. 
1. The kinematic parameters defining the controlled motion trajectory of the tracked vehicle differ significantly 
from those calculated from the known dependencies. In particular, the experimental values of the angular 
speed and the trajectory curvature differ from the calculated. The maximum value of the actual angular speed 
is much lower than the theoretical one (1.5 ... 2.5 times), due to the process of track slipping and skidding. In 
some cases, the longitudinal displacement of the vehicle rotation pole exceeds the calculated allowable value 
(goes beyond the edge of the bearing surface). However, when driving along deformable ground, vehicle 
steerability is preserved. 
2. The rotation moment, implemented by the steering control system during transients, is up to 1.3 ... 1.5 times 
higher than the calculated values due to the impact of not taken into account in calculation inertial 
components, which must be considered when designing the control friction elements of the steering 
mechanisms. 
3. The results of the research provide the prerequisites for changing the existing mathematical models, describing 
the controlled movement of the tracked vehicle along the roads with an intensive curvature change. This is 
especially true for remote or programmed transport vehicle motion control. 
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